The energy dependence of light (anti)nuclei and (anti)hypertriton production are investigated in central Au-Au collisions from AGS up to LHC energies at midrapidity, using the parton and hadron cascade model (PACIAE) together with the dynamically constrained phase-space coalescence model(DCPC). We find that the yields, yield ratios of the antiparticles to their corresponding particles, the coalescence parameters BA and the strangeness population factor s3 of light (anti)nuclei and (anti)hypertriton strongly depend on the energy. Furthermore, we analyze and discuss the strangeness population factor s3 and the coalescence parameters BA, and find a transition point near by 20 GeV. These results thus suggest the potential usefulness of the s3 and BA of light nuclei production in relativistic heavy-ion collisions as a direct probe of the transition point associated with the QCD critical phenomena. The results from PACIAE+DCPC model are well consistent with experimental data.
I. INTRODUCTION
In recent decades, the problem of antimatter has attracted considerable attention in particle and nuclear physics, astrophysics, cosmology and other fields of modern physics, since the first antiparticle(positron) [1] was discovered by Anderson. The antiprotons [2] and antineutrons [3] were discovered by Wiegand and Piccioni in 1955 and 1956, respectively. Then some light antinuclei, such as anti-deuteron, anti-triton, anti-helium-3, anti-helium and anti-hypernucleus, were also produced and detected in experiments [4] [5] [6] [7] [8] [9] . The high temperature and high baryon density condition similar to the initial stages of the big bang, created by heavy ion collision experiments, is suitable for the study of light (anti)nuclei production and its energy evolution.
The PHENIX and STAR Collaboration have reported their light nuclei production data [10] [11] [12] [13] for Au-Au collisions at √ s NN = 7.7 − 200 GeV. And ALICE has also published some (anti)hadrons and light (anti)nuclei production of pp [14, 15] On the other hand, the theoretical calculation of light (anti)nuclei is usually divided into two steps. Firstly, one can obtain the nucleon and hyperon yield in some selected models such as the transport model. On the second step, the light nuclei (anti-nuclei) are studied by the reasonable hadron final-state coalescence models [19] [20] [21] [22] [23] , such as the phase-space coalescence model [24] [25] [26] and/or the statistical model [27, 28] , etc. For example, the production of light nuclei (hyper-nuclei) in the Au-Au and Pb-Pb collisions at relativistic energies was described theoretically by the coalescence + blastwave method [29] [30] [31] or the coalescence + a multiphase transport (AMPT) model [32] and the hybrid UrQMD model [33] , respectively.
In this work, we will take an approach based on the parton and hadron cascade model (PACIAE) [34] + the dynamically constrained phase-space coalescence model (DCPC) [35] . Which has been used to predict the light nuclei (antinuclei) yield in transverse momentum and rapidity space for non-single diffractive proton-proton collisions at √ s NN = 7 TeV [35] , and the production of light nuclei and hypernuclei in Au-Au collisions at √ s NN = 200 GeV [36] [37] [38] , as well as Pb-Pb collisions at √ s NN = 2.76 TeV [39] . Moreover, this method has been applied to explore the energy dependence of the antiparticle to particle ratio in high energy proton-proton collisions [40] . In this paper, we will extend this method to investigate the productions of light (anti)nuclei and (anti)hypernuclei in the 0-10% centrality Au-Au collisions at √ s NN = 5, 6, 7, 7.7, 9.9, 11.5, 14.5, 19.6, 27, 39, 62.4, 130, 200 , 800, 2760, 5020 GeV, respectively. This paper is organized as follows: in Sec. II, we briefly introduce the PACIAE and DCPC models. The results of our simulated light (anti)nuclei and (anti)hypernuclei yields and their ratios will be provided to compare with experimental data in Sec. III. In the end, we will offer a brief summary in Sec.IV.
II. MODELS
The PYTHIA model (PYTHIA 6.4 [41] ) is devised for high energy hadron-hadron (hh) collisions. In this model, a hh collision is decomposed into parton-parton collisions described by the leading order perturbative QCD (LO-pQCD). For the soft interaction, a nonperturbative process is considered empirically. The initialand final-state QCD radiations and the multiparton interactions are also taken into account. Therefore, the consequence of a hh collision is a partonic multijet state composed of (anti)diquarks, (anti)quarks, and gluons, as well as a few hadronic remnants. This is then followed by the string construction and fragmentation. A hadronic final state is obtained for a hh collision eventually.
The parton and hadron cascade model PACIAE [34] is based on PYTHIA 6.4 and is devised mainly for the nucleus-nucleus collisions. In the PACIAE model, first, the nucleus-nucleus collision is decomposed into separate nucleon-nucleon (NN) collisions according to the collision geometry and NN total cross section. Each NN collision is described by the PYTHIA model with the string fragmentation switches off and the (anti)diquarks randomly break into (anti)quarks. So the consequence of one NN collision is a partonic initial state composed of quarks, antiquarks and gluons. This partonic initial state is regarded as the quark-gluon matter (QGM) formed in relativistic nucleus-nucleus collisions. Second, the parton rescattering proceeds by the 2→2 LO-pQCD parton-parton scattering [42] . In addition, a K factor is introduced here to account for higher order and nonperturbative corrections. Third, hadronization happens after parton rescattering. The partonic matter can be hadronized by the Lund string fragmentation scheme [41] and/or the phenomenological coalescence model [40] . Finally, the hadronic matter continues rescattering until the hadronic freeze-out (the exhaustion of the hadronhadron collisions). We refer to [40] for the details.
With the final state particles generated by the PA-CIAE model, we can then calculate the production of light (anti)nuclei with the DCPC model. In quantum statistical mechanics [43] , one cannot precisely define both position q ≡ (x, y, z) and momentum p ≡ (p x , p y , p z ) of a particle in the six-dimension phase-space because of the uncertainty principle ∆ q∆ p h 3 . We can only say that this particle lies somewhere within a six-dimension quantum box or state with a volume of ∆ q∆ p. A particle state occupies a volume of h 3 in the six-dimension phase-space [43] . Therefore, one can estimate the yield of a single particle by defining an integral
where H and E are the Hamiltonian and energy of the particle, respectively. Similarly, the yield of the N particle cluster can be estimated as the following integral:
In addition, Eq. (2) must satisfy the following constraint conditions:
Where
and E i , p i (i = 1, 2, · · · , N ) are the energies and momenta of particles, respectively. m 0 and D 0 stand for, respectively, the rest mass and diameter of light (anti)nuclei, ∆m refers to the allowed mass uncertainty, and q ij = |q i −q j | is the vector distance between particles i and j. Because the hadron position and momentum distributions from transport model simulations are discrete, the integral over continuous distributions in Eq. (2) should be replaced by the sum over discrete distributions in the phase-space.
III. RESULTS AND DISCUSSION
Firstly, we produce the final state particles using the PACIAE model. In the PACIAE simulations we assume that hyperons are heavier than Λ decay already. The model parameters are fixed on the default values given in PYTHIA [41] . However, the K factor as well as the parameters parj(1), parj(2), and parj(3), which are relevant to the hadrons production in PYTHIA, are tuned by fitting the STAR data of p, p, Λ and Λ in Au+Au collisions at √ s NN = 7.7 − 200 GeV in 0-10% centrality [44, 45] . Specific details of this method is similar to the paper [37, 40] . We have generated more than 10 million events by the PACIAE model for the 0-10% centrality Au-Au collisions at √ s NN = 5.0 − 5020 GeV with |y| < 0.5, 0 < p T < 5 GeV/c. Then, we show that predictions using the PA-CIAE+DCPC model can be used to describe quantitatively the measured energy dependence of light (anti)nuclei d(d), 3 He( 3 He), as well as [9, 44, 48] or SHM model [49] .
the midrapidity region |y| < 0.5 for 0-10% centrality Au-Au collisions. From Fig.2 , we can see that, in lowenergy regions, the yields dN/dy of light nuclei (d, 3 He) and hypertritons ( 3 Λ H) decrease with the increase of energy, whereas the yield of their antiparticles are increasing by contrast. In the end, the yields of light nuclei and their corresponding antinuclei converge to a unified value when the energy is greater than 200 GeV. It is observed that the results from our simulation agree very well with the measurements at STAR [9, 44] for the d, d) yields. We also compare results of DCPC model with the SHM models [49] under their approximate N part condition in Pb-Pb collisions. In Fig 3 we present the energy dependence of p/p,
Λ H yield ratios in the 0 − 10% centrality Au-Au collisions at midrapidity |y| < 0.5. We can see that, in a low energy range, the anti-particle to particle ratios for nucleon, hyperon, light nuclei and hypertriton all increase rapidly with the growth of energy; in a high energy range, their ratio gradually becomes saturated asymptotically equal to 1. To facilitate the comparison, the experimental results from STAR [8, 16, 44] are also drawn in the figure with the solid points. It is clear that the results of the PACIAE+DCPC model are in agreement with the experiments.
In heavy-ion collisions, the coalescence process of light (anti)nuclei, and (anti)hypernuclei are historically described [21] [22] [23] by the coalescence parameter B A , which is used to describe the difficulty of synthesizing nucleus. The differential invariant yield is related to the primordial yields of nucleons and is described by the equation
where Ed 3 N/d 3 p stands for the invariant yields of nucleons or light (anti)nuclei, and (anti)hypernuclei, and A is the atomic mass number. p A , p p denote their momentum, with p A = Ap p assumed. The phase-space information of p(p), Λ(Λ) which is used as an input for the coalescence prescription, can be reproduced by the PACIAE model. The coalescence parameters B A can be evaluated by comparing the integrated yields of the light (anti)nuclei and the primordial (anti)nucleons. In order to compare (anti)nuclei and (anti)hypernuclei, we also study the strangeness population factor [9, 52, 53] 
In Fig 5, we show the energy dependence of the strangeness population factor s 3 and s 3 , which increase with the growth of energy below 20 GeV, and then saturate around 0.8 in the high energy region.
To get a better sense of what is happening, s 3 is represented as [21] [22] [23] . s 3 gradually increase as the collision energy grows, indicating that relative to ordinary nuclei, the higher the energy is, the easier it is to generate the hypernuclei. And above 20 GeV, s 3 is independent of energy and approximately equal to 0.8, implying that He generation is different from that of their antimatter, respectively. s 3 and s 3 , however, are approximately equal, indicating that strange to nonstrange light nuclei relative production ratio are the same for particle and antiparticle.
At the same energy, there are three factors relevant for the(hyper)nuclei generation, i.e., properties of corresponding component, density of corresponding component and the emitted source size [54] of difference between particles and their anti-particles. We assume the emitted source size of particles is the same as that of their anti-particles. On the other hand, the phase space density of p and Lambda generated by PACIAE is similar to their antiparticle sector. It is natural to observe that the strange population factor s 3 shows no difference from s 3 .
IV. CONCLUSION
In this paper we use the PACIAE+DCPC model to investigate the energy dependence of light (anti)nuclei and (anti)hypertriton production in the 0-10% centrality Au+Au collisions at midrapidity |y| < 0.5 and 0 < p t < 5 GeV/c. Firstly, the integrated yields dN/dy of p, p, Λ and Λ are calculated by the PACIAE model for a wide range of collision energy. The result shows that the yields of the antinucleon or antihyperons increase as the energy increases, whereas yields of Nucleon or hyperon decrease first and then increase. Secondly, the integrated yields dN/dy of d(d), 3 He( 3 He),
H) are also calculated by the DCPC model. Their distributions are similar to those of nucleon or hyperon. Then we find the yield ratios of light anti-nuclei to light nuclei and antihypertriton to hyper-triton all increase asymptotically to 1 with the growth of energy. Furthermore, we also discuss coalescence parameters B A of light (anti)nuclei and (anti)hypernuclei. We find the emitting source size is increasing with collision energy while the coalescence paramter B A is correlated with the density of corresponding constituent particles. At last, we calculate the distributions of strangeness population factor s 3 (s 3 ) as a function of energy. It can be concluded in this study that 3 Λ H is generally harder to generate than 3 He while the probability for the hypernuclei formation is increasing with energy below 20 GeV.
It is worth noting that we found a transition point exist at 20 GeV, through extracted the collision energy dependence of B A and s 3 (s 3 ), suggesting that the critical endpoint in the QCD phase diagram may have been reached or closely approached in these collisions. This question needs to be further studied.
Our results are well consistent with experimental data. The consistency between the PACIAE+DCPC results and the corresponding experimental data demonstrates that the PACIAE+DCPC method is able to describe the production of light (anti)nuclei and (anti)hypernuclei for extensive range of heavy-ion collision energy.
